The strange form factors of nucleon are studied with the nonlocal chiral effective Lagrangian. One loop contributions from both octet and decuplet intermediate states are included. The relativistic regulator is obtained by the nonlocal Lagrangian where the gauge link is introduced to guarantee the local gauge symmetry. With the kaon loop, the calculated charge form factor is positive, while the magnetic form factor is negative. The strange magnetic moment is −0.041
I. INTRODUCTION
It is well known that a complete characterization of nucleon substructure must go beyond three valence quarks. One of the great challenges of modern hadron physics is to unravel the precise role of hidden flavours in the structure of the nucleon. Strange quark contribution to the nucleon form factors has attracted a lot of interest because it is purely from the sea quark. The role of the sea remains a central issue in QCD, especially with respect to lattice QCD. There such terms involve so-called disconnected graphs, i.e. quark loops are connected only by gluons to the valence quarks.
Parity-violating electron scattering (PVES) has proven to be a valuable tool for experimentally determining the strange quark contribution to the electromagnetic form factors of the proton. Under the assumption of charge symmetry, one can deduce the strange electric or magnetic form factor G s E,M (Q2) from measurements of the corresponding proton and neutron electromagnetic form factors and the neutral-weak vector form factor of the proton, through its contribution to PVES. While PVES measurements are very challenging, a number of groups have succeeded, starting with SAMPLE at Bates [1] and then A4 at Mainz [2, 3] and G0 [4] and HAPPEX [5] [6] [7] at Jefferson Lab. Up to now, the experiments have not provided an unambiguous confirmed answer to the sign of the strange form factors, although global analyses do tend to suggest that G M s (0) < 0 is favoured [8, 9] . Theoretically, though QCD is the fundamental theory to describe strong interactions, it is difficult to study hadron physics using QCD directly. There are many phenomenological models, such as the cloudy bag model [10] , the constituent quark model [11, 12] , the 1/Nc expansion approach [13] , the perturbative chiral quark model [14, 15] , the extended vector meson dominance model [16] , the SU(3) chiral quark model [17] , the quark-diquark model [18, 19] , etc. Besides the above phenomenological models, heavy baryon and relativistic chiral perturbation theory have been widely applied to study the hadron spectrum and structure. Historically, most formulations of ChPT are based on dimensional or infrared regularisation. Though ChPT is a successful and systematic approach, for the nucleon electromagnetic form factors, it is only valid for Q 2 < 0.1 GeV 2 [20] . When vector mesons are included, the result is close to the experiments with Q 2 less than 0.4 GeV 2 [21] . An alternative regularization method, namely finite-range-regularization (FRR) has been proposed. Inspired by quark models that account for the finite-size of the nucleon as the source of the pion cloud, effective field theory with FRR has been widely applied to extrapolate the vector meson mass, magnetic moments, magnetic form factors, strange form factors, charge radii, first moments of GPDs, nucleon spin, etc [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . In the finite-range-regularization, there is no cut for the energy integral. The regulator is not covariant and is in three-dimensional momentum space. This non-relativistic regulator can only be applied with the heavy baryon ChPT.
We proposed a relativistic version for the finite-range-regularization which makes it possible to study the hadron properties with relativistic chiral effective Lagrangian at large Q 2 [38, 39] . The covariant regulator was generated from the nonlocal gauge invariant Lagrangian. As a result, the renomalized charge of proton (neutron) is 1 (0) with the additional diagrams obtained by the expansion of the gauge link. The nonlocal interaction generates both the regulator which makes the loop integral convergent and the Q 2 dependence of form factors at tree level. The obtained electric and magnetic form factors of nucleon are very close to the experimental data [39] . This was the first time to calculate the form factors precisely at relatively large Q 2 with chiral effective Lagrangian. In this paper, we will apply the nonlocal chiral effective Lagrangian to study the strange form factors. The paper is organised in the following way. In section II, we briefly introduce the chiral effective Lagrangian. The strange form factors are derived in section III. Numerical results are presented in section IV and finally, section V is a summary.
II. CHIRAL EFFECTIVE LAGRANGIAN
The lowest order chrial lagrangian for baryons, pseudoscalar mesons and their interaction can be written as [40, 41] .
where D, F , C and H are the coupling constants. The chiral covariant derivative D µ is defined as
The pseudoscalar meson octet couples to the baryon field through the vector and axial vector combinations as
where
The matrix of pseudoscalar fields φ is expressed as
A µ is the photon field. The covariant derivative D µ in the decuplet part is defined as
µνα ,γ µν are the antisymmetric matrices expressed as
In the chiral SU (3) limit, the octet and decuplet baryons will have the same mass m B and m T . In our calculation, we use the physical masses for baryon octets and decuplets. The explicit form of the baryon octet is written as
For the baryon decuplets, there are three indices, defined as
The octet, decuplet and octet-decuplet transition magnetic moment operators are needed in the one loop calculation of nucleon electromagnetic form factors. The baryon octet anomalous magnetic Lagrangian is written as
At the lowest order, the Lagrangian will generate the following nucleon anomalous magnetic moments:
The transition magnetic operator is
where the matrix Q is defined as Q =diag{2/3, −1/3, −1/3}. The effective decuplet anomalous magnetic moment operator can be expressed as effective Lagrangian
In quark model, the baryon magnetic moments can also be written in terms of quark magnetic moments. For example,
and µ q can be written in terms of c 1 . For example,
The strange quark contribution to the hyperons at tree level can be written as [43] 
Similarly, the strange quark contribution to the decuplet and transition magnetic moments at tree level can be written as [44] 
Following the usual convention, the charge of the strange quark is taken to be 1. Now we construct the nonlocal Lagrangian which will generate the covariant regulator. The gauge invariant nonlocal Lagrangian can be obtained using the method in [38, 39, 45] . For instance, the local interaction including kaon can be written as
where A s µ (x) is the external field interacting the strange quark. The nonlocal Lagrangian for this interaction is expressed as
where F (x) is the correlation function. To guarantee the gauge invariant, the gauge link is introduced in the above Lagrangian. The regulator can be generated automatically with correlation function. With the same idea, the nonlocal interaction between baryons and A s µ (x) can also be obtained. For example, the local interaction between Λ and external field is written as
The corresponding nonlocal Lagrangian is expressed as
where F 1 (a) and F 2 (a) is the correlation function for the nonlocal strange electric and magnetic interactions. The form factors at tree level which are momentum dependent can be easily obtained with the Fourier transformation of the correlation function. The simplest choice is to assume that the correlation function of the strange electromagnetic vertex is the same as that of the lambda-kaon vertex, i.e. F 1 (a) = F 2 (a) = F (a). Therefore, the Dirac and Pauli form factors will have the same dependence on the momentum transfer at tree level. The better choice is to assume that the charge and magnetic form factors at tree level have the same the momentum dependence as lambda-kaon vertex, i.e. G tree
is the Fourier transformation of the correlation function F (a) [39] . The corresponding function ofF 1 (q) andF 2 (q) is then expressed as
From the above equations, one can see that in the heavy baryon limit, these two choices are equivalent. The nonlocal Lagrangian is invariant under the following gauge transformation
. From Eq. (18), two kinds of couplings between hadrons and external field can be obtained. One is the normal one expressed as
This interaction is similar as the traditional local Lagrangian except the correlation function. The other one is the additional interaction obtained by the expansion of the gauge link, expressed as
The additional interaction is important guarantee the local gauge symmetry resulting the net strangeness of nucleon zero.
III. STRANGE FORM FACTORS
The strange quark contribution to the Dirac and Pauli form factors are defined as
where q = p ′ − p and Q 2 = −q 2 . The combination of the above form factors can generate electric and magnetic form factors contributed from strange quark
According to the Lagrangian, the one loop Feynman diagrams which contribute to the strange form factors are plotted in Fig 1 .
In this section, we will only show the expressions for the intermediate octet baryon part. For the intermediate decuplet baryon part, the expressions are written in the Appendix. In Fig. 1a , the external field couples to the meson. The contribution of Fig. 1a to the matrix element in Eq. (25) is expressed as where the integral I Λ aK is expressed as
and D K (k) is defined as 
where the integral I Λ bK is written as 
where I Λ cK is expressed as . Fig. 1d and 1e are the Kroll-Ruderman diagrams. The contribution from these two diagrams is written as
These two diagrams only have contribution in the relativistic cases. In the heavy baryon limit, they have no contribution to either electric or magnetic form factors. Fig. 1f and 1g are the additional diagrams which generated from the expansion of the gauge link. The contribution of these two additional diagrams are expressed as
Using FeynCalc to simplify the γ matrix algebra, we can get the separate expressions for the Dirac and Pauli form factors.
IV. NUMERICAL RESULTS
In the numerical calculations, the parameters are chosen as D = 0.76 and F = 0.5 (g A = D + F = 1.26). The coupling constant C is chosen to be 1 which are the same as [47] . The off-shell parameter z is chosen to be z = −1 [48] . The covariant regulator is chosen to be of a dipole form 
The strange electric form factor of nucleon versus momentum transfer Q 2 with different Λ. The three solid lines from top to bottom, are for the results with Λ =1 GeV, 0.9 GeV, 0.8 GeV, respectively. The data with error bars are from Lattice simulation [49] .
where M j is the mass of the corresponding meson and it is zero for photon. Therefore, in this nonlocal Lagrangian, there are three parameters c 1 , c 2 and Λ to be determined. Λ is chosen to get the best description of the nucleon form factors up to relatively large Q 2 . By comparing with the experimental electromagnetic form factors of nucleon, the best Λ is found to be around 0.9 GeV. The other two parameters c 1 and c 2 are determined by the experimental magnetic moments of proton and neutron. With µ p = 2.79 and µ n = −1.91, we get c 1 = 2.081 and c 2 = 0.788.
Before present the results for strange form factors, we first show the electromagnetic form factors. In Fig. 2 , the charge and normalized magnetic form factors of proton and neutron with Λ = 0.9 GeV are plotted. The solid line is for the empirical function 1/(1 + Q 2 /0.71GeV 2 ) 2 . The dashed, dotted and dash-dotted lines are for G p E , G p M /µ p and G n M /µ n , respectively. The dotted line is invisible because it coincides with the empirical line. The dashed line started from 0 is for G n E . The experimental data of neutron charge form factor are from Ref. [46] . From the figure, we can see that our calculated form factors are very close to the experimental data which is a great improvement compared with the results of the traditional chiral effective field theory [20, 21] . Now we show the results for the strange form factors. The strange magnetic form factor G s M (Q 2 ) of nucleon versus Q 2 with different Λ is plotted in Fig. 3 . The three solid lines from bottom to top, are for the results with Λ =1 GeV, 0.9 GeV and 0.8 GeV, respectively. The data with error bars from recent lattice simulation [49] are also shown in the figure. The strange magnetic form factors increases with the increasing momentum transfer Q 2 . At zero momentum transfer, when Λ = 0.9 ± 0.1 GeV, G [32] . The main reason for the difference is that rainbow diagrams (Fig. 1a and Fig. 1c is zero, the total absolute value of G s M (0) is a little smaller in relativistic case. The strange charge form factor G s E (Q 2 ) is plotted in Fig. 4 . The three solid lines from top to bottom, are for the results with Λ = 1 GeV, 0.9 GeV and 0.8 GeV, respectively. When Q 2 = 0, G s E (0) = 0. This is true only when the additional diagrams generated from the expansion of the gauge link are included. The strange charge form factor first increases and then decreases with the increasing Q 2 . At finite
is always a small positive number. It is clear that for both strange charge and magnetic form factors, our result is comparable with the Lattice data. With the strange form factors, the strange radii can be obtained as
With Λ = 0.9 ± 0.1 GeV, we have < (r In Fig. 6 , we plot the same curves, but for the strange charge form factor. At Q 2 = 0, the contributions from the normal and additional diagrams cancel each other. As a result, the net strangeness is zero. This is guaranteed by the gauge symmetry of strange quark. Similar as in the magnetic case, the octet contribution is dominant for the total G s E (Q 2 ). At small Q 2 , the contribution from the additional diagrams changes more quickly than that from the normal diagrams. Therefore, G s E first increases from 0 and then decreases smoothly with the increasing Q 2 . We studied the strange form factors of nucleon with the nonlocal chiral effective Lagrangian. Both the octet and decuplet intermediate states are included in the one loop calculation. The covariant form factors are derived from the nonlocal Lagrangian. This is the relativistic version of the finite-range-regularization, which make it possible to study the hadron structure at relatively large Q 2 . From the previous study of the nucleon electromagnetic form factors, it shows this nonlocal Lagrangian method is a great improvement compared with the traditional chiral effective theory. The gauge link is introduced to guarantee the local gauge symmetry. As a result, in addition to the normal diagrams which are generated from the minimal substitution, the additional diagrams appear which are generated from the expansion of the gauge link. These additional diagrams are crucial to get the net strangeness zero at Q 2 = 0 for nucleon. They also have important contribution to the magnetic form factors. For both G s E and G s M , the octet intermediated states provide more important contribution than decuplet intermediate states. In this nonlocal chiral effective Lagrangian, there are three free parameters. c 1 and c 2 are determined by the experimental magnetic moments of proton and neutron. Λ in the correlation function is determined by the best description of the nucleon electromagnetic form factors up to relatively large Q 2 . At finite momentum transfer, the strange charge form factor is positive, while the strange magnetic form factor is negative. At Q 2 = 0, the strange magnetic moment is −0.041 Table  I .
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